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a b s t r a c t
Human activities and the consequent extinctions of native species and invasions of non-
native species have been changing the composition of species assemblages worldwide.
These anthropogenic impacts alter not only the richness of assemblages but also the bio-
logical dissimilarity among them. However, much of the research effort to date has focused
on changes in taxonomic dissimilarity (i.e. accounting for species composition)whether as-
sessments of functional dissimilarity (i.e. accounting for the diversity of biological traits)
are much more scarce, despite revealing important complimentary information by ac-
counting for changes in the diversity of biological traits. Here, we assess the temporal
(1950s against 2000s) changes in both taxonomic and functional dissimilarities of fresh-
water fish assemblages across lakes from the Yunnan Plateau in China. The Jaccard index to
quantify the changes in both taxonomic and functional dissimilarity. We then partitioned
dissimilarity to extract its turnover component and measured the changes in the contri-
bution of turnover to dissimilarity. We found that functional and taxonomic homogeniza-
tion occurred simultaneously. However, patterns between these two processes differed for
some lakes. Taxonomic and functional homogenizations were stronger when the historical
level of taxonomic dissimilarity among assemblages was high. The impact of extinctions of
native species and invasions of non-native species on homogenizationwas otherwise com-
plex to disentangle with no significant effect of any of the studied environmental factors. In
agreementwith other studies, our studyproved that change in taxonomic dissimilarity can-
not be used to predict changes in functional dissimilarity and, as an indicator of ecosystem
functioning, functional dissimilarity should be used together with taxonomic dissimilarity
to attain a more holistic understanding of human impacts on natural ecosystems.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Human activity and ecosystem disruption are strongly correlated, regardless of local fish biodiversity (Bellwood et al.,
2003). Habitat alteration and biotic invasions are the two leading causes of global environmental change and biodiversity
loss. As for freshwater ecosystems, fish extinction and invasion have occurred worldwide (Baxter et al., 2004; Seifert et al.,
2015). Although species richness is decreasing on a global scale, species richness at the local and regional scales increases
when the number of invasive non-native species greatly exceeds the number of native species becoming extinct (Sax et al.,
2002; Winter et al., 2009; Matsuzaki et al., 2013).
The extinction of native species and invasion of non-native species should both lead to taxonomic homogenization
(i.e. increase in the similarity of species composition among species assemblages over time), a trend documented for many
other taxa across the world (Lockwood et al., 2000; Spear and Chown, 2008; Olden et al., 2011). However, much less
evidence has been gathered on the impact of invasions and extinctions on the functional facet of biodiversity (Matsuzaki
et al., 2013), or on its relationship with co-occurring changes in taxonomic dissimilarity among assemblages (Villéger
et al., 2014). Therefore, it will provide a better understanding of the potential consequences of biodiversity change on
ecosystem functioning by assessing the level of functional homogenization than just by measuring the level of taxonomic
homogenization (Villéger et al., 2014).
Here, we assess the temporal (1950s against 2000s) changes in both taxonomic and functional dissimilarities of
freshwater fish assemblages across lakes from the Yunnan Plateau in China. These lakes have experienced high rates of
extinction of native species and invasion of non-native species over the past 60 years. Based on historical (1950s, prior to
extinctions and invasions) and current (2000s, after extinctions and invasions) comprehensive datasets of strictly freshwater
fish assemblages for nine plateau lake basins of YunnanChina,we explored the effects of species extinctions and invasions on
the taxonomic and functional dissimilarities between fish faunas assemblages following the methodological frameworks of
Baselga (2012) and Villéger et al. (2013). From a macroecological perspective, our study had three primary objectives. First,
we assessed the temporal changes in these biodiversity facets following invasions of non-native species and extinctions
of native species. Second, we quantified the correlation between the change in functional dissimilarity and the change in
taxonomic dissimilarity to test whether the latter could be used as a proxy for the former (i.e., redundancy between both
metrics). Finally, we investigated the relative effects of historical dissimilarity and the number of extinctions and invasions
on changes in taxonomic and functional dissimilarities.
2. Materials and methods
2.1. Measuring dissimilarity and contribution of turnover
Based on species composition, taxonomic dissimilarity can be defined as the percentage of species present only in one
assemblage within a pair of assemblages, and it can be measured with the Jaccard index (Villéger et al., 2014).
βdiss = b+ ca+ b+ c
where a is the number of species shared by the two assemblages and b and c are the number of species unique to each
assemblage. However, only use this index could not describe the dissimilarity very exactly, thus Baselga (2012) partitioned
the index into two parts: a nestedness and a turnover component. The turnover component accounts for the number of
species replaced and the species richness in the poorest assemblage:
βturnover = 2×min(b, c)a+ 2×min(b, c) .
As turnover is a component of dissimilarity, its relative contribution to dissimilaritywasmore clear tomeasure, hereafter
denoted Pturn (Toussaint et al., 2014):
Pturn = βturnover
βdiss
= 2×min(b, c)
a+ 2×min(b, c) ×
a+ b+ c
b+ c .
This partitioning of taxonomic dissimilarity has been recently transferred to functional dissimilarity (Villéger et al., 2013).
Indeed, the functional richness of an assemblage can be measured as the volume of the convex hull shaping all the species
in a multidimensional functional space (Villéger et al., 2008). The functional dissimilarity between two assemblages can
thus be assessed using the percentage of overlap in this functional space. So it is possible to define the quantity a as the
volume of the functional space shared by the two assemblages and b and c as the volume of the functional space they fill
independently, respectively (Villéger et al., 2014).
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2.2. Assessing changes in taxonomic and functional dissimilarities
The partitioning of taxonomic and functional dissimilarities can be used to describe biogeographic patterns at a given
time (Baselga, 2012; Villéger et al., 2013). It also allows quantification of temporal changes in the taxonomic and functional
facets of biodiversity following changes in species composition. Here we define e as the change from historical to current
period in the diversity shared by two assemblages (e > −a), and f and g as the changes in the diversity unique to each of
the two assemblages (f ≥ −b and g ≥ −c). Change in dissimilarity and change in contribution of turnover to dissimilarity
from a historical to a current period (after species extinctions and invasions occurred) can then be written as:
1βdiss = b+ f + c + ga+ e+ b+ f + c + g −
b+ c
a+ b+ c
1pturn = 2×min(b+ f , c + g)a+ e+ 2×min(b+ f , c + g) ×
a+ e+ b+ f + c + g
b+ f + c + g −
2×min (b, c)
a+ 2×min (b, c) ×
a+ b+ c
b+ c .
A decrease in dissimilarity (i.e. an increase in the percentage of species or functional space shared) means that
assemblages became homogenized after their composition changed. On the contrary, an increase in dissimilarity indicates a
differentiation. Interestingly, changes in taxonomic and functional dissimilarities are a priori independent of each other. For
instance, a taxonomic homogenization could induce a functional differentiation if the species added to only one assemblage
fill a unique portion of the functional space. Similarly, a taxonomic differentiation could induce a functional homogenization
if the species introduced in only one of the two assemblages fill the sameportion of the functional space (Villéger et al., 2014).
2.3. Datasets and statistical analyses
Historical fish fauna data on the nine study lakes was collected from available presence/absence surveys published
and unpublished before 1960s (supplement information, Table S2). Present-day fish fauna data was obtained through fish
surveys conducted between 2008 and 2012 in the nine study lakes (Table S3) (Xu et al., 2015). The functional strategy of the
103 species present in the 9 assemblages studied was described using 7 functional traits commonly used in studies on fish
functional diversity to describe the fish functional niche (Matsuzaki et al., 2013). Two traits were measured as continuous
variables: maximum total body length and maturation. The remaining traits (mouth position, morphology, dietary traits,
diet breadth, and vertical position in the water column), were coded as ordered traits (Table S1). All the functional traits
were taken from the ichthyography (Chu and Chen, 1989, 1990) and Fishbase (Froese and Pauly, 2010).
Functional distances between each pair of species were computed using Gower’s distance, which allowed different types
of variables to be mixed while giving them equal weights (Gower, 1971). Then, a principal coordinates analysis (PCoA) was
carried out on this functional distance matrix (Villéger et al., 2008). The indices of functional dissimilarity and turnover
were computed in the functional space made by the first three principal axes of the PCoA, to achieve a necessary trade-off
between information quality and computation time (Villéger et al., 2013). Indeed, the three-dimensional functional space
provided an accurate representation of the functional dissimilarity between species (Villéger et al., 2014) (Mantel’s test
between Gower’s distance on traits values and Euclidean distance in the three-dimensional functional space: r = 0.936,
P < 0.001).
Indices of taxonomic and functional dissimilarity and contribution of turnover to dissimilarity between each pair of fish
assemblages were computed for historical and current species composition. Temporal changes from the historical to the
current periodwere computed for these four indices (a positive value indicates an increase in dissimilarity or in contribution
of turnover from the historical to the current period). Correlations between changes in taxonomic dissimilarity and changes
in functional dissimilarity were tested using Mantel’s permutation test (Villéger et al., 2014).
In order to investigate the drivers of changes in taxonomic dissimilaritywe usedmultiple regression on distancematrices
(MRM) (Lichstein, 2007) with historical taxonomic dissimilarity, total number of invasive species, total number of extinct
species, total number of common invasive species, total number of common invasive species and change in environmental
factor in each pair of assemblages as explanatory matrices. P-values for MRM models were obtained by comparing each
observed regression coefficient with a distribution of 10,000 permuted values. The same analysis was conducted to analyze
changes in functional dissimilarity (Villéger et al., 2014).
We chose a significance level asα = 0.05. Statistical analyseswere carried out using R (R Core Team, 2012), including the
libraries ‘‘betapart’’ for computing dissimilarity indices and ‘‘ecodist’’ for MRM analyses (Goslee and Urban, 2007; Villéger
et al., 2014).
3. Results
The 9 plateau lakes considered in this study host 103 fish species. The number of native species extirpated from a
basin was only weakly correlated with the total number of non-native species introduced (r = 0.175, P = 0.041). The
species richness per lake basin increased on average by 14.4% from the historical to the current period (from 13.9± 9.0 to
15.9± 11.0).
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Table 1
Values (mean ± SD, ranges in parentheses) of taxonomic and functional dissimilarities and contribution of turnover to
dissimilarity in historical and current periods and the temporal changes (current value minus the historical one). Richness
ratios (minimum richness/maximum richness for each pair of assemblages) are also indicated.
Taxonomic Functional
Dissimilarity
Historical 0.88± 0.08(0.60;1.00) 0.82± 0.14(0.41;1.00)
Current 0.72± 0.13(0.41;0.91) 0.77± 0.22(0.17;1.00)
Change −0.15± 0.16(−0.52;0.18) −0.05± 0.23(−0.67;0.59)
Contribution of turnover to dissimilarity
Historical 0.90± 0.12(1.00;0.56) 0.59± 0.34(1.00;0.03)
Current 0.50± 0.36(1.00;0.00) 0.32± 0.38(1.00;0.00)
Change −0.40± 0.37(−1.00;0.39) −0.27± 0.51(−0.98;0.97)
Richness ratio
Historical 0.53± 0.26(0.17;1.00) 0.40± 0.26(0.05;0.99)
Current 0.47± 0.24(0.12;1.00) 0.32± 0.27(0.00;0.88)
Change −0.06± 0.34(−0.82;0.51) −0.08± 0.34(−0.71;0.72)
3.1. Historical patterns of taxonomic and functional dissimilarities
Historical taxonomic dissimilarity among plateau fish assemblages was high with a value of 0.88 ± 0.08 (mean ± SD;
Table 1). Contribution of turnover to the taxonomic dissimilaritywas also high (0.90± 0.12). In contrast, historical functional
dissimilarity was lower (0.82 ± 0.14), as was contribution of turnover to dissimilarity (0.59 ± 0.34, Table 1). Difference in
richness between assemblages was on average lower for species richness than for functional richness (minimum/maximum
ratio of 0.53 and 0.40 respectively, Table 1).
3.2. Temporal changes in taxonomic and functional dissimilarities
Overall, fish assemblages in plateau lakes showed a weak trend towards functional homogenization from the historical
to the current period (mean change of−0.05± 0.23; Table 1). However, this low average value hid a great variability, with
63.9% of assemblage pairs showing homogenization while 36.1% showed no change or differentiation (Table 2). However
contribution of turnover to functional dissimilarity showed a strong decrease (−0.27 ± 0.51; Table 1). However, there
was strong variability of this index among assemblage pairs (Table 2). Among the 36.1% of pairs that showed functional
differentiation, 22.2% also showed a decrease in the contribution of turnover while only 13.9% showed an increase. Among
the 63.9% of functional homogenization cases, only 11.1% of assemblage pairs showing an increase in the contribution of
turnover and 52.8% showing a decrease.
Change in taxonomic dissimilarity was on average higher than change in functional dissimilarity (−0.15± 0.16; Table 1).
Cases of taxonomic homogenization (i.e. assemblages that became taxonomicallymore similar) weremore frequent those of
taxonomic differentiation (83.3% vs. 16.7%; Table 2). Contribution of turnover to taxonomic dissimilarity decreased stronger
than the proportion of functional dissimilarity (−0.40 ± 0.37; Table 1). The ratio of species richness between the poorest
and the richest assemblage in each pair decreased slightly (−0.06 ± 0.34; Table 1). While, the ratio of functional richness
decreased on average by−0.08± 0.34 (Table 1).
Change in dissimilarity and change in contribution of turnover to dissimilarity were not significant correlated with each
other for both taxonomic and functional facets (Fig. 1(a), (b)). Changes in taxonomic and functional dissimilarity were
positively correlated (Spearman’s correlation coefficient ρ = 0.707; Mantel test P < 0.001; Fig. 2(c)). Changes in the
contribution of turnover to taxonomic and functional dissimilarities were also positively correlated (ρ = 0.676; P < 0.001;
Fig. 1(d)).
3.3. Determinants of changes in taxonomic and functional dissimilarities
Change in taxonomic dissimilarity could be significantly predicted from historical period and invasion and extinction
pressures (MRM, R2 = 0.847, P < 0.01; Fig. 2). The historical level of taxonomic dissimilarity had a significant negative
effect, i.e. pairs of assemblages with a high historical dissimilarity tended to bemore homogenized (Fig. 2). The total number
of extinct species from the pair of assemblages did not have a significant contribution. The total number of invasive species
in a pair of assemblages had a significant positive effect on change in taxonomic dissimilarity, i.e. pairs that received more
species tended to be less homogenized. The total number of common invasive species in a pair of assemblages also had
a significant negative effect on change in taxonomic dissimilarity, i.e. pairs that received more common species tended
to be more homogenized. However, the total number of common extinct species had no effect on change in taxonomic
dissimilarity, the environmental factor did not show a significant effect either. Factors that influenced changes in functional
dissimilarity were almost same as the former, but had a little differentiation (MRM, R2 = 0.638, P < 0.01; Fig. 2). The total
number of extinct species from the pair of assemblages had a significant positive effect. While the total number of invasive
species from the pair of assemblages did not have a significant contribution.
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Fig. 1. Changes in taxonomic and functional dissimilarity versus changes in contribution of turnover to dissimilarity. Spearman’s correlation coefficient
and associatedMantel permutation test are provided at the top of each panel (***P < 0.001, **P < 0.01, ns not significant). Themean value and associated
standard deviation among pairs of fish faunas are shown in each panel.
4. Discussion
The formation time of Yunnan plateau lakes can be traced back to the Pliocene epoch, they randomly distributed in
the Yunnan Plateau, located in the source of each basin or branch, belonging to four different hydrographic networks
(Dianchi Lake, Chenghai Lake and Luguhu Lake belong to Jinshajiang River; Fuxianhu Lake, Qiluhu Lake, Xingyunhu Lake,
Yangzonghai Lake and Datun Lake belong to Nanpanjiang River; Erhai Lake belong to Lancang River; Yilonghu Lake belong
to Yuanjiang River (Yang, 1984)). Because of the complex historical and geological conditions (Chen et al., 2001; Xu et al.,
2015), there was a high historical level of taxonomic dissimilarity between fish assemblages. Furthermore, the high level
of taxonomic dissimilarity observed among the 9 lakes was mainly due to species replacement, as the contribution of
turnover to taxonomic dissimilarity was also high (Table 1). However, despite being marginally lower than taxonomic
dissimilarity, functional dissimilarity also maintained a high level, while having a comparatively lower contribution of
turnover to dissimilarity, though still played a dominant role.
These results show that functional dissimilarity as similar high degree as taxonomic dissimilarity but had lower
contribution of turnover to functional dissimilarity. Therefore, the freshwater fish assemblages in these lakes contain distinct
species (and different numbers of species) also possessing different combinations of trait values.
Over recent years, human activities had significant impacts on biodiversity in these lakes. These anthropogenic impacts
have modified the richness of assemblages as well as the biological dissimilarity among them. Due to the high demand for
recreational fishing and aquaculture activities, and to the high commercial activity within these plateau lakes, the number
of invasive species has increased rapidly dominating the assemblages (Chen, 1991; Xiong et al., 2008). For example, a total
of 12 new invasive species have been reported from Fuxianhu Lake between 1995 and 2008 (Xiong et al., 2008). These
invasions not only change the intrinsic composition of the fish assemblages, but also have a profound negative effect on
native species. Meanwhile, anthropogenic pressures on freshwater ecosystems, such as pollution, habitat modification and
over fishing, have led some fish species towards local extinction (Chen, 1991; Yang, 1996). The direction and intensity of
change in taxonomic dissimilarity among pairs of fish assemblages was variable, but on average we found a distinct trend
towards taxonomic homogenization (Tables 1 and 2, Fig. 1). We also found that the contribution of turnover to dissimilarity
decreased strongly, but this change was characterized by a high variability among pairs of assemblages (Tables 1 and 2),
a pattern also found at the global scale (Toussaint et al., 2014). Furthermore, the change in taxonomic dissimilarity was
independent of the change in the contribution of turnover (Fig. 1). This independence could be explained by the lack of a
clear trend in the ratio of richness difference among assemblages. Indeed, the ratio between species richness of assemblage
pairs decreased slightly from the historical to the current period but this average value hid a high variability (Table 1).
The change in functional dissimilarity was lower than taxonomic change, with a global trend towards functional
homogenization of 0.05. However, functional differentiation remained frequent (36.1% of assemblage pairs) but of lower
magnitude than homogenization. More importantly, even if there was a significant positive correlation between changes
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Fig. 2. Effect of historical dissimilarity, extinction/invasion and environment pressures on changes in taxonomic and functional dissimilarities. Standard
partial regression coefficient (Std b) and associated P-value from multiple regression on distance matrices (MRM) are given for each panel.
in taxonomic and functional dissimilarities (Fig. 1), in more than 30% of assemblage pairs the changes were in the
opposite direction (Table 2). For instance, 5.6% of the assemblage pairs that showed taxonomic differentiation were actually
functionally homogenized and 25% of the assemblage pairs taxonomically homogenized were functionally differentiated
(Table 2). For the remaining cases where taxonomic and functional dissimilarities changed in the same direction, the
change in taxonomic dissimilarity was most often of higher magnitude than the change in functional dissimilarity, despite
a high variability in the magnitude of this difference (Fig. 1). This discrepancy highlights the need to consider explicitly
the functional facet of biodiversity, as changes in functional dissimilarity cannot be predicted by the change in taxonomic
dissimilarity.
Changes in taxonomic and functional dissimilarity were both significantly related to the historical level of taxonomic
dissimilarity. This historical contingency is intuitive for extreme levels of taxonomic dissimilarity; for instance a pair of
assemblages that historically had few species in common cannot experience a high taxonomic differentiation. The number
of extinct species had a significant positive effect on change in functional dissimilarity but not on taxonomic. In contrast,
the number of invasive species introductions played a significant positive role in explaining the change in taxonomic
dissimilarity though not in functional dissimilarity. This pattern was completely different from the studies on European
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river basins (Villéger et al., 2011, 2014). However, when we decomposed the extinct and invasive species into unique and
commonparts, then add the commonpart in theMRManalysis, the result showed the number of common invasive species of
each pair had a negative effect whereas the number of common extinct species of each pair had no effect on both taxonomic
and functional dissimilarities.
Indeed, despite their history of isolation, speciation in these lakes have occurred under similar ecological conditions,
resulting in similar traits shared amongst the different species. As a result, the disappearance of the native species
decreased the homogenization in functional dissimilarity to a certain extent. More importantly, invasive species are mainly
concentrated in some lakes, and there are a lot of single invasive species (e.g. Acheilognathus macropterus and Toxabramis
swinhonis only established in Dianchi Lake, Anguilla anguilla and Hemibarbus maculatus only establish in Fuxianhu Lake),
as for other lakes the phenomenon was not obvious, and thus invasive species as a result of decrease the homogenization
in taxonomic dissimilarity. This also can explain why the number of common invasive species is much less than the total
number and lead to increase homogenization in both taxonomic and functional dissimilarity.We also considered the change
of environmental factors (lake area, fish catch and water quality) as a complex factor added into the model but it had no
significant effect on the dissimilarity. This weak effect could be explained by the complex topography and geology and the
influence of special events, such as the arsenic contamination accident in Yangzonghai Lake in 2008 (Wang et al., 2010).
Simultaneously assessing changes in taxonomic and functional dissimilarities as well as the changes in their turnover
components made it possible for us to understand the consequences of non-native species invasion and native species
extinction on the biodiversity of assemblages.
Since there are few studies that concentrate on the taxonomic and functional dissimilarities among plateau lake fish
assemblages, our study highlight the importance of assessing the effects of non-native species invasion and native species
extinction on ecosystem function in these lakes. More importantly, in agreement with the results of a former study (Villéger
et al., 2014), we found that the taxonomic dissimilarity cannot be used as a proxy for the functional dissimilarity. Thus, the
latter would be a very useful method to understand, predict andmitigate the effects of global change on aquatic ecosystems.
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